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We experimentally demonstrate the noiseless teleportation of a single photon by conditioning
on quadrature Bell measurement results near the origin in phase space and thereby circumventing
the photon loss that otherwise occurs even in optimal gain-tuned continuous-variable quantum
teleportation. In general, thanks to this loss suppression, the noiseless conditional teleportation can
preserve the negativity of the Wigner function for an arbitrary pure input state and an arbitrary
pure entangled resource state. In our experiment, the positive value of the Wigner function at
the origin for the unconditional output state, W (0, 0) = 0.015 ± 0.001, becomes clearly negative
after conditioning, W (0, 0) = −0.025 ± 0.005, illustrating the advantage of noiseless conditional
teleportation.
PACS numbers: 42.50.Ex, 42.50.Dv, 03.65.Wj
Quantum teleportation [1–3] is one of the key quan-
tum information protocols. It corresponds to the pro-
cess of transferring an unknown quantum state between
two spatially separated parties by means of an entan-
gled state and classical communication. The original
quantum-state teleportation has been generalized to sce-
narios where either the entangled state (gate teleporta-
tion [4, 5]) or the measurement basis (one-way quantum
information processing [6, 7]) is modified. As a conse-
quence, teleportation plays an important role in gen-
eral quantum information schemes such as quantum key
distribution in complex networks [8] and fault-tolerant
quantum computation [9, 10]. Teleportation is also be-
ing considered as the main method of building quantum
interfaces between various physical realizations of a har-
monic oscillator [11–13].
Recently there have been attempts to reconcile the
two main approaches to quantum teleportation, discrete-
variable (DV) and continuous-variable (CV) teleporta-
tion, in order to combine the strengths and mitigate the
weaknesses of either approach. This culminated in an
experimental demonstration of deterministic high-fidelity
CV teleportation of DV quantum states [14]. In that ex-
periment, near-optimal gain tuning was employed in the
feed-forward loop, thus suppressing the addition of ther-
mal photons and resulting in an almost pure attenuation
of the teleported state — an effect typically less harm-
ful to the nonclassical features of a quantum state. For
example, when teleporting a single photon state, pure
attenuation only leads to an extra vacuum term. In a
deterministic teleportation scheme, however, this addi-
tional vacuum is unavoidable in order to ensure preser-
vation of the fundamental commutation relations. If a
measurement is performed in the photon number basis,
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which is typically the case in DV optical quantum infor-
mation processing, the occurrence of an extra vacuum
term usually only affects the success probability, i.e., the
efficiency, but not the fidelity of the quantum protocol.
On the other hand, in most CV and also in hybrid CV-DV
applications, the vacuum contribution is highly undesir-
able. For instance, it may render the Wigner function of
a single photon state positive, even though the negativity
of the Wigner function is an important quantum feature
necessary in many applications [15–18].
In this letter, we experimentally test the final refine-
ment of the teleportation protocol — noiseless condi-
tional teleportation. In this protocol, we turn the at-
tenuation in the gain-tuned teleportation into an almost
noiseless attenuation with no additional vacuum term.
Noiseless attenuation generally still alters a quantum
state, but it can preserve the purity and nonclassical
properties of pure states [19, 20]. In teleportation, it
can be gradually approached by conditioning dependent
on the outcome of the CV Bell-state measurement (CV-
BSM) on the sender’s side. We demonstrate this condi-
tioned noiseless teleportation protocol for a single photon
state [21], which could be subject to other quantum oper-
ations in a larger DV protocol before it enters and after it
leaves the teleporter. Our main figure of merit will be the
value of the Wigner function at the phase-space origin,
W (0, 0). This value, when negative, is a very sensitive
manifestation of nonclassical quantum features necessary
for the most advanced quantum protocols [15–18, 21].
An overview of our scheme is given in Fig. 1. In the
prototypical CV teleportation, parties A and B first share
a CV entangled state, ideally the Einstein-Podolsky-
Rosen (EPR) state
∑∞
n=0 tanh
n r |n〉A |n〉B . This state,
which has perfect photon-number correlations for any
amount of entanglement, can be generated by combin-
ing two orthogonally squeezed states on a balanced beam
splitter [22]. The amount of the CV entanglement is pro-
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FIG. 1. Overview of gain-tuned continuous-variable quan-
tum teleportation conditioned by the sender.
portional to the squeezing parameter r [23]. In the infi-
nite energy limit of r →∞, both quadratures (amplitude
and phase or position and momentum) of the state are
also perfectly correlated.
The CV teleportation is now started by combining the
input state |ψ〉 with one part of the EPR state on a bal-
anced beam splitter and subjecting the resulting modes
to a pair of homodyne measurements, which yields the
values of quadrature operators xˆ and pˆ (CV-BSM). The
CV-BSM results (xu, pv) are multiplied by feed-forward
gain g and used to perform a correction via displacement
on the remaining part of the EPR state in order to ob-
tain a replica of the input state. This imperfect replica
generally contains a certain amount of thermal noise —
a consequence of the finite entanglement — but when
the gain is tuned to g = tanh r, the CV teleportation
becomes equivalent to a purely attenuating channel de-
scribed by [24]
|ψ〉 →
∞∑
k=0
1
k! sinh2k r
aˆk
[
(tanh r)nˆ |ψ〉 〈ψ| (tanh r)nˆ] aˆ†k,
(1)
where aˆ and nˆ are the annihilation and photon number
operators, respectively. The attenuating process in (1)
consists of two different sequential contributions. The
first one is a noiseless attenuation, represented by op-
erator (tanh r)nˆ, and it is accompanied by random en-
ergy annihilation, represented by a mixture of operators
aˆk. The latter is responsible for the reduction of the
state’s purity and the disappearance of any negative val-
ues of the Wigner function. In the case of a perfect single
photon state |1〉 at the input, the output state becomes
tanh2 r |1〉 〈1| + (1 − tanh2 r) |0〉 〈0|, where the vacuum
term originates solely from the random annihilation pro-
cess. For this state, the negativity of the Wigner function
vanishes when the entanglement of the shared state is be-
low a certain bound, r ≤ arctanh(1/√2).
The quality of the teleported state can be substantially
improved by conditioning on the data obtained from the
CV-BSM prior to the feed-forward. By accepting only
those events, for which the measured results xu and pv
satisfy x2u + p
2
v ≤ L2, we can suppress the noise that is
caused by the random measurement outcomes and feed-
forward. The conditioning can be understood as insertion
of a filter in a classical channel that transmits heralding
signals, as illustrated in Fig. 1. In the limit of L→ 0, we
can achieve perfect noiseless teleportation,
|ψ〉 → (tanh r)nˆ |ψ〉 , (2)
only resulting in noiseless attenuation without the detri-
mental effect of the random annihilation described by (1).
Clearly, a single photon state is faithfully teleported, and
likewise any Fock state is transferred with unit fidelity for
any nonzero entanglement. Importantly, unit fidelity is
also obtained for dual-rail qubits α |0, 1〉+β |1, 0〉 [14] by
utilizing two identical conditional teleporters [25]. The
improvement through conditioning is very well observ-
able by looking at the achievable Wigner-function nega-
tivity of the teleported single photon state [20, 21].
For more general input states, in particular states with
an unfixed photon number [26], the remaining noise-
less attenuation could be locally compensated after the
teleportation by a noiseless conditional amplification ap-
proximately applying the operator γnˆ, where the gain
γ = 1/ tanh r is inversely proportional to the amount of
entanglement used in the teleportation. The noiseless
amplification can be based on various concepts [4, 28],
which were already experimentally tested [29–34]. The
compensation of the noiseless attenuation has been ex-
perimentally verified for coherent states [35] and qubits
[19]. Importantly, the noiseless amplification cannot
compensate the attenuation (1), but only the noiseless
attenuation (2). In the presence of impure resources, the
teleportation is no longer completely noiseless, but it still
outperforms all other forms of CV teleportation [36].
Our CV teleporter relies on the deterministic one de-
scribed in Refs. [14, 37], while our probabilistic but her-
alded preparation of the input single photon state is de-
scribed in more detail in Ref. [38]. The source laser is
a continuous-wave Ti:sapphire laser with a wavelength
of 860 nm (the frequency is denoted by ω0). As for the
preparation of the input state, a nondegenerate optical
parametric oscillator (NOPO) containing a PPKTP crys-
tal (type-0 quasi-phase-matched) is weakly pumped by
a frequency-shifted second harmonic (2ω0 + ∆ω), prob-
abilistically creating signal and idler photon pairs (ω0
and ω0 + ∆ω, respectively), where the frequency sep-
aration (∆ω) of 590 MHz is the free spectrum range
(FSR) of the NOPO. Then, detection of an idler pho-
ton by a silicon avalanche photodiode heralds a signal
photon, whose wavepacket corresponds to the linewidth
of the NOPO modes, 6.2 MHz of half-width at half maxi-
mum (HWHM). The average creation rate is 7800 /s with
a pump power of 3 mW. As for the teleportation, the
EPR state is created by combining two squeezed vacuum
states at a balanced beam splitter. Each squeezed vac-
uum state is created from a degenerate optical parametric
3oscillator (OPO) containing a PPKTP crystal, pumped
by 125 mW of the second harmonic (2ω0). The OPOs
(FSR 1 GHz) are made smaller than the NOPO, in order
to make the bandwidth of the squeezed vacuum states
(HWHM 12.9 MHz) wider than that of the single photon
wavepacket. The resulting EPR state corresponds to the
squeezing parameter r = 1.62 ± 0.03 and the effective
loss l = 0.20 ± 0.02. Homodyne detectors and electric
amplifiers in the feed-forward loop have bandwidths over
10 MHz, which is sufficiently wide to teleport the input
single photon wavepackets.
To confirm our strategy, quadratures of the output
states are measured by a homodyne detector with a lo-
cal oscillator (LO) phase scanned, and the outcomes are
stored for 640, 000 events together with the LO phase in-
formation and the outcomes of the CV-BSM. Then, the
conditional output states are reconstructed by quantum
tomography [39] collecting only those events satisfying
x2u + p
2
v ≤ L2. The success probability P (L) of the con-
ditioning for various L ≥ 0 is shown in Fig. 2. The devi-
ation of the experimental probability from the theoreti-
cal prediction may be attributed to our simplified model
including the assumption of a symmetric EPR state or
the drift of parameters during the experiment. On the
other hand, the input state is reconstructed by eight-port
homodyne tomography [38] with 100, 000 events. Error
bars for the reconstruction are estimated by using the
bootstrap method [40].
The experimental results are shown in Fig. 3, where
we can see the photon number distributions and Wigner
functions for the input state and for three output states
differing by the level of conditioning. The initial input
state in Fig. 3(a) is a statistical mixture of single pho-
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FIG. 2. Probability P (L) of CV-BSM falling inside con-
ditioning radius L ≥ 0 (~ = 1). (i) Experimental results.
(ii) Theoretical prediction based on the experimental input
photon number distribution together with the single-mode
squeezing parameter r = 1.62 for the EPR state and opti-
cal loss l = 0.20. (iii) Theoretical curve for CV-BSM on
two-mode vacuum states. (iv,v) L = 0.5 and L = 2.0 used in
Fig. 3. Inset: experimentally obtained CV-BSM distribution.
tons (p1 = 0.772 ± 0.007), vacuum (p0 = 0.195 ± 0.004)
and higher photon numbers (pn≥2 = 0.033 ± 0.003),
where pn is the photon number probability. The origin
of the Wigner function of the input state has a value of
W (0, 0) = (1/pi)
∑∞
n=0(p2n − p2n+1) = −0.174 ± 0.005,
which is roughly one half of the maximum possible value
(−1/pi ≈ −0.318) and a clear indication of nonclassical-
ity.
When the input state is teleported with unity gain,
g = 1.0, a negative Wigner function with W (0, 0) =
−0.023± 0.004 is obtained, but this only happens at the
expense of increasing the higher photon number contribu-
tions, which are typically unwanted in DV qubit-type ex-
periments. These can then be suppressed by gain tuning,
but only with an extra vacuum contamination [14, 41].
As a result, the Wigner-function negativity will be re-
duced. Figure 3(b) shows the unconditional output state
with a tuned feed-forward gain g = 0.89, a value close
to tanh r = 0.93. Although there is still a certain level
of discrepancy from the attenuation channel in (1) due
to the impure EPR state, multiphoton components are
decreased compared to the unity-gain case. However, ex-
cess vacuum contamination renders the Wigner function
positive with W (0, 0) = 0.015 ± 0.001. To improve the
negativity again, the method of conditioning is an effec-
tive means, as will be demonstrated in the following.
Figure 3(c) shows the results of moderate condition-
ing with L = 2.0, P (L) = 0.53. Now the output state
has a negative Wigner function in the origin, W (0, 0) =
−0.006± 0.002, ascertaining strong nonclassicality. This
enhancement comes from the elimination of the vacuum
contribution and, at the same time, an increase of the
single photon contribution from p1 = 0.449 ± 0.001 to
p1 = 0.480 ± 0.002. Thus, with the little sacrifice of
dropping the teleportation rate from 100% to 53%, the
quality of the output state can be enhanced to a strongly
nonclassical state with a negative Wigner function.
When the conditioning radius is further narrowed to
L = 0.5, P (L) = 0.05, the vacuum elimination is fur-
ther enhanced, as shown in Fig. 3(d). The single-photon
contribution rises to p1 = 0.511 ± 0.007, resulting in a
further growth of the dip in the Wigner function to have
a negative value of W (0, 0) = −0.025±0.005. This value
is comparable to that of g = 1.0, thereby demonstrat-
ing that the combination of gain-tuning and conditioning
yields better results than unity-gain teleportaion.
All the results above show the strength of our con-
ditioning method. The degree of conditioning can be
tuned to meet various requirements: a negative Wigner
function was obtained with success rate of 53% and the
negativity matches that in the unity-gain teleportation,
while significantly suppressing the higher photon num-
bers, with success rate of 5%. In order to approach
ideal noiseless attenuation, the purity of the EPR state
must be improved, for which the effective loss l, arising
mainly from propagation loss, mode mismatch in homo-
dyne measurements, and phase fluctuations in interfer-
ometers, need to be reduced.
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FIG. 3. Experimental quantum states reconstructed by the maximum likelihood method [39]. (a) Input single-photon state.
(b) Output state without conditioning. (c,d) Output states conditioned by L = 2.0 and L = 0.5, respectively. Top: photon
number distribution. The sum of odd photon number components exceeding the horizontal line at 0.5 means a Wigner function
negative at the origin. Bottom: side view of the Wigner function.
Conditional quantum teleportation is a very versatile
tool. Apart from its suitability for the transfer of both
CV and DV [14, 25, 41] states of light, it is capable of
conditionally implementing a broad class of Gaussian and
non-Gaussian quantum nonlinear filters on arbitrary un-
known states of traveling light beam [42].
The probabilistic teleportation can be also used as a
light-matter interface for atoms and mechanical oscilla-
tors [11, 12]. The purity-preserving aspect of the oper-
ation with conditional Bell measurement allows to per-
fectly transfer individual Fock states, produced by ef-
ficient single photon guns [43, 44], from optical modes
to modes of atomic ensembles or mechanical oscillators.
This interface requires only weak Gaussian entanglement,
which can be produced by a weak light-matter interaction
of the down-conversion kind, simply accessible for both
the atomic ensembles and mechanical oscillators [11, 12].
In conclusion, we have experimentally demonstrated
noiseless conditional teleportation of a single photon
state. By conditioning on the results of the Bell-type
measurement before applying the feed-forward loop, we
were able to reduce the value of the Wigner function
at the phase-space origin from positive values without
conditioning to negative values after conditioning. This
clearly confirms the feasibility of the noiseless telepor-
tation, which can be used to qualitatively enhance the
transmission of quantum states. Our results represent
an important step for the noiseless realization of quan-
tum relays, quantum repeaters, quantum memories and
interfaces, as well as possibly even linear-optics quantum
computing.
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6Supplemental Material
I. PRESERVATION OF NEGATIVITY OF WIGNER FUNCTION
The asymptotic noiseless teleportation applied to Gaussian coherent states only decreases the amplitude |α〉 →
exp(−(1− g2)|α|2/2) |gα〉, where g = tanh r is the transmissivity of the noiseless attenuation. Any pure superposition
state |ψ〉 = ∫ C(α) |α〉 d2α, written in the over-complete basis of coherent states, approaches after the teleportation a
state of the form
∫
exp(−(1−g2)|α|2/2)C(α)|gα〉d2α up to normalization. For pure Gaussian states, C(α) is a complex
Gaussian function and asymptotically, the teleported state remains Gaussian. On the other hand, pure non-Gaussian
states have a non-Gaussian wave function and equivalently, C(α) is also non-Gaussian. All pure non-Gaussian states
exhibit a negativity of the Wigner function, as a result of Hudson’s theorem [1]. Since the noiseless teleportation
asymptotically approaches the transformation |α〉 → exp(−(1− g2)|α|2/2) |gα〉 of Gaussian coherent states, noiseless
teleportation preserves the non-Gaussianity of pure input states. Due to Hudson’s theorem, the output pure non-
Gaussian state produced by the noiseless teleportation then also exhibits negativity of the Wigner function for any
amount of the preshared entanglement. This is an important and generic feature of the noiseless teleportation, which
makes it distinct from the unconditional gain-tuned teleportation implementing an attenuating channel, where the
negativity of the Wigner function can be lost.
II. REALISTIC RESOURCES
Noiseless teleportation of a realistic single photon. — For mixed input states, the noiseless teleportation based on
finite entanglement (finite r) will not always preserve the negativity of the Wigner function. For any experimental
tests it is therefore advantageous to use input states with high purity. As an example of the input state, let us
consider an attenuated single photon state η |1〉 〈1| + (1 − η) |0〉 〈0|, which has no negativity of the Wigner function
for η ≤ 0.5. The noiselessly teleported state has the form [η tanh2 r |1〉 〈1|+ (1− η) |0〉 〈0|]/[1− η(1− tanh2 r)], which
has negativity of the Wigner function if tanh2 r > (1 − η)/η. It can be now seen that in order to faithfully teleport
a small negativity of the Wigner function, a higher amount of entanglement is required. And, conversely, if the
purity of the single photon state is high (η → 1), the negativity remains even for weak entanglement (r  1). It
should be noted that for the same input state, the deterministic teleportation with optimal gain tuning produces
η tanh2 r |1〉 〈1|+ (1− η tanh2 r) |0〉 〈0|, where negativity appears only if tanh2 r > 1/(2η) such that the entanglement
must exceed a certain finite bound even for an ideal single photon. The conditional teleportation is therefore the ideal
device for transferring quantum states in the presence of weak shared entanglement.
Conditional teleportation with noisy entangled state. — A general noisy entangled resource state can be expressed
as a mixture of states Aˆk ⊗ Bˆl
∑
m g
m |m〉A |m〉B , where |m〉A |m〉B stand for Fock states in modes A and B and Aˆk
and Bˆl are Kraus operators representing independent noisy channels. Using the noiseless conditional teleportation,
the input state |ψin〉 is transformed into a mixture of states BˆlgnˆAˆTk |ψin〉. We can then understand the noiseless
teleportation as a perfect teleportation with additional steps taking effect in the following order: noise introduced to
mode A, noiseless attenuation originating from the finite entanglement, and noise introduced to mode B. This is the
bare minimum of noise which is introduced by any form of CV teleportation. The conditional teleportation achieves
this regime, because unlike the other forms of teleportation, it is not concerned with averaging over all the possible
measurement results of the CV-BSM. We can therefore say that the conditional teleportation exploits the preshared
entanglement optimally with respect to the quality of the teleported state.
III. NOISELESS TELEPORTATION OF ENTANGLEMENT
The noiseless teleportation is especially useful for the conditional transfer of hybrid entangled states,
(|Ψ〉C |Φ〉A − |Φ〉C |Ψ〉A)√
2− 2| 〈Ψ|Φ〉 |2 , (3)
which contain 1 ebit of entanglement for arbitrary different states |Ψ〉i =
∑
n cn |n〉i and |Φ〉i =
∑
n dn |n〉i, i = A,C.
Note that, although here we are using a rather general expression without supposing orthogonality between the states
|Ψ〉i and |Φ〉i, the Gram-Schmidt orthonormalization |Φ〉i = |Ψ〉i 〈Ψ|Φ〉+ |Ψ⊥〉i
√
1− | 〈Ψ|Φ〉 |2 with 〈Ψ|Ψ⊥〉 = 0 can
be utilized to check that the above states exactly contain 1 ebit. When both sides of the state undergo the noiseless
7teleportation, the state is transformed into |Ψ′〉C |Φ′〉A − |Φ′〉C |Ψ′〉A, where |Ψ′〉i =
∑
n cng
n |n〉i /
√∑
n |cn|2g2n
and |Φ′〉i =
∑
n dng
n |n〉i /
√∑
n |dn|2g2n. However, even though the state is different, it still contains 1 ebit of
entanglement for arbitrarily low value of g. In this way, the noiseless teleportation can perfectly transfer fragile
hybrid entangled states, such as entangled large coherent-state superpositions or entangled high-number Fock states
– something that unity gain and gain-tuned, unconditional teleportation protocols cannot.
IV. NOISELESS TELEPORTATION AS A FILTER
The specific form of the filter is programmed by using a particular quantum state |f〉AB ∝
∑
k,` fk` |k〉A |`〉B in place
of a generic two-mode squeezed vacuum state. For sufficiently small conditioning radius L, the modified teleportation
implements the filter Fˆ =
∑
k,` fk` |k〉 〈`|, which transforms an arbitrary input state ρˆ into ρˆ′ = Fˆ ρˆFˆ †/(Tr Fˆ ρˆFˆ †). If
the program state |f〉AB is Gaussian, we can implement a class of Gaussian filters described by Fˆ = SˆgnˆSˆ′ [2], where
0 ≤ g ≤ 1 and Sˆ, Sˆ′ are squeezing operations. Alternatively, when the program state is from a low-dimensional Hilbert
space, such as a two-qubit state, we can implement quantum scissors [3]. We can also change the program state into
|f〉AB ∝
∑N
k=0 g
k |kk〉AB , where g ≥ 1 in order to approach a more compact version of the noiseless quantum amplifier
[4] when N increases. From this perspective, the presented results already serve as experimental verification of the
most basic filter Fˆ = gnˆ, where 0 ≤ g ≤ 1, corresponding to the noiseless attenuation of the single-photon test state.
Preservation and improvement of negativity of the Wigner function is an important witness for the high quality of
this filter operation.
V. MATHEMATICAL SUPPLEMENT
Equation (1) in the main text, corresponding to an attenuation channel, is equivalent to the standard way of
expressing an amplitude damping channel using Kraus operators,
ρˆ→
∞∑
k=0
AˆkρˆAˆ
†
k, (4a)
Aˆk =
∞∑
`=k
√(
`
k
)√
(1− γ)`−kγk |`− k〉 〈`| , (4b)
where 1− γ = tanh2 r. Equation (4b) is in accordance with the probability of losing k photons from ` photons by a
linear optical loss under which each photon is randomly lost with a probability γ.
The CV-BSM is represented by a set of joint projective operators of the form
Πˆi,j(xu, pv) = Dˆi(
√
2xu,
√
2pv) |EPR〉i,j 〈EPR| Dˆ†i (
√
2xu,
√
2pv) (5)
where |EPR〉i,j =
∑∞
k=0 |k〉i |k〉j is an ideal EPR state (r → ∞) without normalization, and Dˆi(xu, pv) =
exp(−i(xupˆi − pvxˆi)) is a phase-space displacement operator. The factor
√
2 is introduced in order to compensate
the weight factors from the balanced beam splitter. The conditioning means collecting only those projection events
satisfying x2u + p
2
v ≤ L2. The limit L→ 0 leads to a projection onto an ideal EPR state Πˆi,j(0, 0) = |EPR〉i,j 〈EPR|,
which purifies the teleportation process from noise according to
|ψ〉V →
(∑
k
V,A 〈k, k|
)(
|ψ〉V
∑
`
g` |`, `〉A,B
)
= gnˆ |ψ〉B , (6)
corresponding to a noiseless attenuation with g = tanh r determined by the resource two-mode squeezing level.
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